Abstract. V-4Cr-4Ti alloy is an attractive candidate low activation structural material for nuclear fusion reactors. The properties of V-4Cr-4Ti during its operation strongly depend on initial microstructure, especially size and density of Ti-rich precipitates and their interaction with dislocations. This paper focuses on the effects of the precipitate states and other microstructural variables on mechanical properties of V-4Cr-4Ti alloys and the potential methods to improve the properties by microstructural control, based on Transmission Electron Microscopy.
Introduction
Vanadium alloy is well known as a promising candidate low activation structural material for nuclear fusion reactors [1, 2] . Based on long-standing studies, V-4Cr-4Ti was selected as the leading candidate. Relative to near term candidate of Reduced Activation Feritic/Martensitic Steel (RAFM), the operation temperature of vanadium alloys will be higher by 100-150K enabling higher thermal efficiency as the power generation plant. Among the major reasons for limiting upper temperature limit for the use of vanadium alloys is thermal creep deformation. Recent studies showed appropriate thermal and mechanical treatments can suppress the thermal creep deformation of V-4Cr-4Ti especially in high applied stress regimes [3, 4] .
From the microstructural viewpoints, the thermal and mechanical treatments induce formation or dissolution of Ti-rich precipitates and introduction of dislocations. The role of these imperfections in the deformation process is the key to improvement of the properties. This paper reviews precipitate evolution in various thermal and mechanical treatments and its impact on mechanical properties for V-4Cr-4Ti alloys. The behavior of precipitates and dislocations in the deformation processes will also be overviewed. 
Precipitate Evolution in Thermal Treatment Processes
The manufacturing of V-4Cr-4Ti alloy (NIFS-HEAT-2) products in the Japanese program proceeded with (1) ingot fabrication, (2) hot forging, (3) hot and cold rolling and (4) thermal annealing [5, 6] . The last process is known to influence strongly the properties of the products. The best impact property of the product was obtained at the annealing temperature of 1173-1223K [7] . Fig. 1 shows microstructure of NIFS-HEAT-2 as a function of the final annealing temperature. The temperature of the best impact property corresponds to that of the most prominent precipitation. These precipitates were identified to be Ti-rich phase with high concentration of C, O and N [8] . It is known that the increase in the level of C, O and N can degrade impact properties of vanadium alloys. Formation of the Ti-rich precipitates scavenges interstitial impurities of C, O and N in the matrix. The dissolution of the precipitates by annealing at higher temperature, on the other hand, again scatters the impurities to the matrix.
The precipitate states can be controlled by the heat treatment for dissolving the precipitates followed by the second heating for re-precipitation. Fig. 2 shows microstructure after annealing at 1373K for 1 hour (heat treatment for precipitate dissolution) followed by re-heating for 1 hour at temperatures from 873K to 1373K. High density of precipitates was formed at 973K. The density of the precipitates decreased with temperature. Most of the precipitates were again dissolved at 1273K and above. The hardening occurred already at 873K which was thought to be due to submicroscopic precipitates [7] .
The annealing for precipitate dissolution followed by re-heating for re-precipitation was investigated for the purpose of strengthening the alloy [3] . Advances in Science and Technology Vol. 73
Combination of Precipitation and Cold Work for Suppressing Thermal Creep Deformation
Because the strengthening with the precipitates was carried out by heat treatment at 873K, the treatment is thought to be effective only below 873K. This is not attractive for application to the fusion blankets where expected maximum operation temperature exceeds 873K. Thus, efforts have been made to combine the precipitation and cold work for maintaining the precipitates exceeding 873K. First effort was to apply 20% cold work to the precipitate strengthened alloy. . Because a<100> type dislocations are sessile, they can contribute to stabilizing dislocation structure during the high temperature deformation processes. The precipitation followed by the cold work was shown to be effective in reducing creep deformation in relatively high applied stress regime and early period of the testing [3] . Fig. 6 shows Burgers vector analysis after the creep test when the effect to suppress the creep deformation has already expired. Interestingly, almost no strong dislocation image was observed with g[110]. The g x b analysis shows that most of the dislocations are of a/2<111> type and that they have particular directions of b. An analysis showed that most of the dislocations have g of either ±a/2 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] or ±a/2[1-1-1] as illustrated in Fig. 7 . Considering the relation of b with the direction of the applied tensile force, it was concluded that the slip occurred on one of (101), (01-1) (011) and (-101) planes and to one of <111> directions with largest partial shear stress. As can be seen in Fig. 6 , precipitates were formed which were not observed in Fig. 5 . The effect to suppress the precipitate coarsening and creep deformation is thought to be lost at this stage without sessile dislocations.
Comparison of Figs. 5 and 6 indicates that the present heat treatment is effective to stabilize the microstructure at 1023K, although re-heating was carried out at 873K. However, the microstructure is no longer stable once thermal creep deformation takes place by an applied stress.
In summary, cold-work induced sessile a<100> type dislocations as well as a/2<111> type dislocations, contributing to stabilizing the dislocation structure and suppressing thermal creep deformation. However with the progress of the creep process, a<100> type dislocations were lost and precipitate started to grow. In a recent effort, the order of the precipitation and cold work was reversed, namely, annealing at 1373K for 1 hour and 20% cold work followed by re-heating at 873K for 20 hours. During this process, precipitates are expected to form at dislocations stabilizing both the precipitates and dislocations. Initial experiments showed better creep suppression effects relative to the previous treatment [9] . However, the microstructural characterization during the creep process is remaining to be investigated.
Summary
Properties of V-4Cr-4Ti alloy can be controlled by applying thermal and mechanical treatments. A heat treatment to maximize Ti-rich precipitates is effective for obtaining good impact properties because interstitial impurities of C, O and N in the matrix are scavenged with the precipitation. Increase in the strength is possible by formation of high density of Ti-rich precipitates by solid solution annealing followed by re-heating for re-precipitation at ~873K. Combining the precipitate strengthening and cold work is effective for keeping the strengthening to the thermal creep regime, because thermal coarsening of the precipitates can be suppressed by the dislocations and recovery of the dislocations can be suppressed by the precipitates. However, at present, the suppressive effect of the treatments on thermal creep deformation is limited. Further optimization of the thermal and mechanical treatment is necessary for further improvement.
